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Abstract 

Reactivity Analyses of Nuclear Fuel Storages 

- The Effect of 
238

U Nuclear Data Uncertainties 

 

Louise Östangård 

 
The aim of this master thesis work was to investigate how the 

uncertainties in nuclear data for 
238

U affects the uncertainty of keff in 

criticality simulations for nuclear fuel storages. This was performed by 

using the Total Monte Carlo (TMC) method which allows propagation 

of nuclear data uncertainties from basic nuclear physics to reactor 

parameters, such as keff. The TMC approach relies on simulations with 

hundreds of calculations of keff with different random nuclear data 

libraries for 
238

U for each calculation. The result is a probability 

distribution for keff where the standard deviation for the distribution 

represents a spread in keff due to statistical and nuclear data 

uncertainties. 

Simulations were performed with MCNP for a nuclear fuel storage 

representing two different cases:  Normal Case and Worst Case. Normal 

Case represents a scenario during normal conditions and Worst Case 

represents accident conditions where optimal moderation occurs. In 

order to validate the MCNP calculations and the libraries produced with 

TMC, criticality benchmarks were used. 

The calculated mean value of keff for the criticality benchmark 

simulations with random libraries produced with TMC obtained a good 

agreement with the experimental keff for the benchmarks. This indicates 

that the libraries used in this this work were of good quality. 
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The TMC method´s drawback is the long calculation time, 

therefore the new method, fast TMC, was tested.  Both fast TMC 

and original TMC were applied to the Normal Case. The two 

methods obtained similar results, indicating that fast TMC is a 

good option in order to reduce the computational time. The 

computer time using fast TMC was found to be significantly faster 

compared with original TMC in this work. 

The 
238

U nuclear data uncertainty was obtained to be 209 pcm for 

the Normal Case, both for original and fast TMC. For the Worst 

Case simulation the 
238

U nuclear data uncertainty was obtained to 

be 672 pcm with fast TMC. These results show the importance of 

handling uncertainties in nuclear data in order to improve the 

knowledge about the uncertainties for criticality calculations of 

keff.  
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Sammanfattning 

 

Louise Östangård 

 

Nukleära databibliotek innehåller all nödvändig information för att 

till exempel kunna simulera en reaktor eller en bränslebassäng för 

kärnbränsle. Dessa bibliotek är centrala vid beräkningar av olika 

reaktorparametrar som krävs för en säker kärnkraftsproduktion. En 

viktig reaktorparameter är multiplikationskonstanten (keff) som anger 

reaktiviteten för ett system. Ett kritiskt system (keff = 1) innebär att en 

kedjereaktion av kärnklyvningar kan upprätthållas. Detta tillstånd 

erfordras i en reaktor för att möjliggöra elproduktion. I en 

bränslebassäng där använt kärnbränsle förvaras är det viktigt att 

systemet är underkritiskt (keff < 1). Olika reaktorkoder används för att 

utföra dessa beräkningar av keff, vars resultat används i processen för 

att designa säkra bränsleförråd för kärnbränsle.  

Dagens nukleära databibliotek innehåller osäkerheter som i sin tur 

beror på osäkerheter i de modellparametrar som används vid 

framställningen av biblioteken.  Ofta är dessa nukleära data 

osäkerheter okända, vilket ger upphov till okända osäkerheter vid 

beräkning av keff.  

Vattenfall Nuclear Fuel AB undersöker idag möjligheten att öka 

anrikningen på bränslet för att minska antalet behövda 

bränsleknippen för en viss energimängd.  Varje bränsleknippe blir då 

mer reaktiv och i och med det minskar marginalen till kriticitet i 

bränslebassängen. Därmed är osäkerheterna för nukleära data viktiga 

i processen för att kunna beräkna den maximalt tillåtna anrikningen 

för bränslet. För att undersöka hur stora dessa osäkerheter är, 

användes en relativ ny metod TMC (Total Monte Carlo) som 

propagerar osäkerheter i nukleära data till olika reaktorparametrar 

(t.ex. keff) i en enda simuleringsprocess.  
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TMC metoden användes för att undersöka hur osäkerheterna i nukleära 

data för 
238

U påverkar beräkningar av keff för en bränslebassäng med 

använt kärnbränsle. Beräkningar utfördes för en bränslebassäng under 

normala driftförhållanden samt för en olyckshändelse då optimal 

moderering förekommer. Resultaten visade på att standardavvikelsen för 

nukleära data för 
238

U var 209 pcm vid normala driftförhållanden och 

672 pcm för fallet med optimal moderering.  

Den ursprungliga TMC metoden är en tidskrävande metod och nyligen 

har en snabbare variant av TMC utvecklats. Denna nya metod 

applicerades också på bränslebassängen under normala driftförhållanden 

och resultaten jämfördes. Resultaten visade att båda metoderna 

beräknade samma nukleära dataosäkerhet för 
238

U och genom att 

använda den snabba TMC metoden, minskade beräkningstiden betydligt 

jämfört med att använda den ursprungliga TMC metoden. 
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LIST OF ABBREVIATIONS 

 

ACE 
Age Calculation Engine. Format for nuclear data libraries which are compatible 

with MCNP. 

ENDF 
Evaluated Nuclear Data Files. File format for libraries in the ENDF/B library. 

This format is also used in other libraries, e.g. JEFF. 

ENDF/B US library of evaluated nuclear data libraries. 

EXFOR Database containing experimental data. 

JEFF 
Join Evaluated Fission and Fusion. A nuclear data library evaluated by countries 

participating in the NEA Data Bank. 

JENDL 
Japanese Evaluated Nuclear Data Library. Evaluated nuclear data libraries from 

Japan. 

KCODE Used for criticality calculations in MCNP. 

MCNP 

Monte Carlo N-Particle. International recognized code for analyzing the 

transport of different particles at varying energies. Calculates e.g. the 

multiplication factor.  

Multiplication factor (keff) 

Define a systems criticality. A critical system (keff = 1.0) is achieved when the 

production and removal of neutrons is in equilibrium. For a sub-critical system, 

keff < 1.0. 

NEA Data Bank 

Nuclear Energy Agency Data Bank. Collaboration between 31 countries where 

information and experience are shared. Member countries are for example 

provided with reliable nuclear data and computer programs for different nuclear 

applications.  

NJOY Software used to read ENDF files and convert them into ACE format.  

NRG Nuclear Reaction Group. Nuclear service provider in the Netherlands. 

Seed 
A random number used to simulate the physical behavior of particles during the 

transport process in MCNP. 
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SERPENT 
Monte Carlo reactor physics burnup calculation code. A reactor code similar to 

MCNP. 

TALYS 
Nuclear reaction code that calculates the information required in a nuclear data 

library. 

TENDL 
Talys Evaluated Nuclear Data Libraries. Libraries that are produced with the 

TALYS code. 

TMC 
Total Monte Carlo. A method to propagate uncertainties from basic nuclear 

physics to reactor parameters. 

XSDIR 
Data directory file which contain for example a list of available nuclear data 

libraries and is used for MCNP simulations. 

    
The standard deviation due to nuclear data uncertainty, also called nuclear data 

uncertainty in this work. 

      
The standard deviation of the statistical uncertainty derived from MCNP, also 

called statistical uncertainty in this work. 

     The total standard deviation of the probability distribution of keff. 

     
The uncertainty (standard deviation) for the standard deviation of the nuclear 

data uncertainty. 
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1. Introduction 

1.1 Background 

Nuclear data evaluation has a long history, dating back to 1950’s when the first nuclear data libraries 

were produced with analyzes based on only some scattered experimental data points. Nevertheless, 

basic reactor physics codes of those days were able to predict the most essential characteristics of 

reactors [1]. During the last several decades, data evaluation procedures have evolved and increased 

computer capacity has had a significant improvement of reactor physics codes [2]. 

Despite all improvements with regards to the process of producing nuclear data libraries, present 

libraries contain uncertainties due to uncertainties in the underlying nuclear physics model parameters. 

Today, many reactor codes do not request information about the uncertainty range for different nuclear 

data input and hence the output data from these codes have unknown uncertainties. The consequence 

of this is that important reactor parameters such as the multiplication factor (keff) has unknown 

uncertainties that influences the reactor safety margins [3]. Also nuclear data uncertainties have an 

impact on the safety margins as they are used in engineering calculations [4]. Knowledge about these 

uncertainties is therefore of essential importance in order to enable accurate prediction of reactor 

parameter uncertainties. Information about the uncertainties is also required to determine design 

margins for nuclear fuel storages and other nuclear systems [2].  

Uncertainty propagation calculations can be used in order to measure the impact of nuclear data 

uncertainties [4].  A new method to propagate uncertainties of fundamental nuclear physics models 

and parameters has been developed at Nuclear Reaction Group (NRG) Petten in the Netherlands. This 

Total Monte Carlo (TMC) method consists of a software package, built around the TALYS code (see 

section 2.3, 2.4 and appendix A), where various nuclear structure and reaction models have been 

implemented. With this software it is possible to propagate uncertainties from basic nuclear physics 

parameters to integral values. In the TMC method, hundreds of random and complete nuclear data 

libraries are created with the software. These libraries can then be used in transport codes such as 

MCNP (see section 2.3.2) to calculate the reactor parameter keff with associated uncertainties. 

Furthermore with the results from such MCNP calculations a probability distribution for keff is 

obtained from which the propagated nuclear data uncertainty can be extracted [5]. 
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By using the TMC method, it is possible to propagate the uncertainty from nuclear data to the 

uncertainty in keff. Accurate uncertainties in keff is essential in order to have safe and economical 

operation of nuclear systems 

1.2 Assignment Description 

Vattenfall is interested in increasing the thermal power for their reactors. This may motivate an 

increase in the enrichment in the nuclear fuel. All nuclear fuel procurement within the Vattenfall 

Group is handled by the subsidiary Vattenfall Nuclear Fuel (VNF). VNF is investigating the economic 

and safety related issues concerning the use of fuel with higher enrichment. Safe storage of fissionable 

material is important in order to have a safe energy production from nuclear power and one crucial 

limitation is the criticality. Spent fuel storages are therefore limiting the maximal allowable 

enrichment because of uncertainties in the calculations of keff. 

VNF is obliged to demonstrate that the safety requirements for their fuel storages are fulfilled. The 

acceptance criteria for criticality evaluation applied by VNF for spent nuclear fuel are: 


Event class H1 - H2   keff < 0.95  frequency 10

-2
 per year [6] 


Event class H3 - H4   keff < 0.98  frequency 10

-6
 per year [6] 

The TMC method enables knowledge about uncertainties in nuclear data and the possibility to 

decrease them. VNF is interested in investigate the employment of the TMC method for their fuel 

storage criticality calculations, in particular the effect of nuclear data uncertainties associated with 

238
U.  

In order to analyze uncertainties in nuclear data, criticality calculations for the fuel storage are 

performed in MCNP with random libraries for 
238

U. The geometry used in MCNP represents the pool 

storage of Ringhals 3.  

Two simulations of the fuel storage are to be performed; one called Normal Case and one called Worst 

Case. The Normal Case represents the fuel storage during normal conditions and the Worst Case 

represents an accident scenario where the water becomes steam, which results in optimal moderation 

conditions.  

                                                      

 The event classes are based on frequency, H1 and H2 events are more likely to occur than H3 and H4 events. 

An event can for example be an earth quake or loss of coolant accident. 

 



3 

 

1.3 Objective 

The purpose of this master thesis work is to investigate with the TMC method how uncertainties in 

nuclear data for 
238

U affects the uncertainty in keff for reactivity analysis of nuclear fuel storages using 

MCNP.  

1.4 Limitations 

The diploma work will focus on the already existing nuclear data libraries for 
238

U. These libraries are 

be used with MCNP in order to investigate the uncertainties for keff due to uncertainties in these 

nuclear data. The project does not deal with nuclear data libraries for other isotopes nor how the 

libraries are produced. 

2. Theory 

This chapter gives the reader some background information that can be useful for those with no or 

little previous knowledge about nuclear physics. Furthermore, the theory behind original TMC and 

fast TMC is described. 

2.1 Nuclear Energy 

In 1932 James Chadwick discovered the neutron in the atomic nucleus [7]. The research and 

experiments around neutron reactions developed fast and in 1939 fission was discovered by Lise 

Meitner and Otto Frisch. It was quickly recognized that large amounts of energy was released in 

fission with enough emitted neutrons to maintain a sustainable chain reaction. The work to 

demonstrate the first chain reaction was led by Enrico Fermi and only ten years after the neutron’s 

discovery, the first nuclear reactor was built [7]. Today nuclear power is a worldwide energy source 

and in 2012 nuclear power comprised 14 % of the world’s total electricity production [8]. 

2.1.1 Nuclear Reactions 

In a reactor, neutrons interact with nuclei in different reactions. The most important reaction for 

nuclear energy production is fission, where one fission releases about 200 MeV of energy. Fission 

occurs when neutrons collide with a heavy nucleus (such as 
235

U) and splits it in two fission fragments 

and 2-3 new neutrons. Except from fission, neutrons can interact with a nucleus for various nuclear 

reactions. These reactions are e.g. elastic scattering, inelastic scattering and neutron capture. For 

elastic scattering, a neutron and a nucleus collide with no change in the structure for both nucleus and 
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neutron. The neutron change direction and speed because of the reduction of kinetic energy. For 

inelastic scattering, the collision with a neutron leaves the nucleus in an excited state. The nucleus 

later decays to ground state with emissions of one or more gamma rays. Neutron capture occurs when 

a neutron combines with a nucleus to form an excited compound nucleus. This neutron capture leads 

to the formation of a new isotope with higher mass number than before [7]. 

Which of these nuclear reactions that occurs for an individual neutron is a matter of probability. The 

probability for each reaction is expressed as the cross section (σ) and is different for various nuclei and 

neutron energies. A high value of σ signify a high probability for that reaction to occur when a neutron 

collide with a nucleus [7]. 

2.1.2 Nuclear Data 

Nuclear data are numerical quantities that describe physical properties of atomic nuclei and their 

interactions. Evaluated nuclear data, such as cross sections, gamma rays and neutron emission spectra, 

play an important role in nuclear technology applications and are arranged into different data libraries. 

Cross sections in nuclear data libraries are needed for simulation codes in order to simulate different 

nuclear systems, such as reactor cores or fuel storages [9]. 

Nuclear Data Organizations provide data libraries for various nuclear applications. Examples of 

evaluated nuclear data libraries are the US library ENDF/B (Evaluated Nuclear Data Files) [9] and 

JENDL (Japanese Evaluated Nuclear Data Library) which is the Japanese equivalent [10]. JEFF (Joint 

Evaluated Fission and Fusion) is another nuclear data library which is a collaborative project between 

the countries participating in the NEA Data Bank. 

The TENDL libraries (TALYS Evaluated Nuclear Data Libraries) consist of nuclear data libraries 

which are produced with the TMC method and are described in section 2.2.2. 

2.1.3 Criticality Benchmarks 

The word benchmark is often used in the reactor physics literature in order to compare standard 

experiments with calculations. A benchmark can be an experiment performed for a certain geometry 

(e.g. fuel storage) and which is used as a reference for evaluating performance and level of quality. 

Criticality benchmarks in the nuclear industry are intended for use by criticality safety engineers to 

validate calculation methods used to establish minimum subcritical margins for systems with fissile 

material. Validation of nuclear data libraries or computer codes, such as MCNP, can be performed by 

comparison with criticality experiments from “The International Handbook of Evaluated Criticality 
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Safety Benchmark Experiments”. The experimental obtained keff is equal to 1.000 for criticality 

benchmarks. However when the experimental conditions are used as in data for MCNP calculations, 

the calculations of keff might deviate from the experimental results. The handbook contains criticality 

safety benchmarks that have been derived from experiments performed at various critical facilities 

around the world, representing many different geometries such as fuel storages, reactor cores etc. [12].  

2.1.4 Criticality 

A nuclear systems criticality is defined by the multiplication factor, keff. A critical system is achieved 

when the production and removal rates of neutron within a system is in equilibrium. For this state keff 

is assigned the value 1.00. In sub-critical system (keff <1.00) a chain reaction cannot be maintained 

because the number of neutrons are decreased for every neutron generation. For a super-critical system 

(keff > 1.00) there is an uncontrolled chain reaction with the number of neutrons increasing very fast 

for every neutron generation, which can lead to a criticality accident such as meltdown in a nuclear 

reactor. Hence the value of keff is an important measure for nuclear systems [2]. 

2.1.5 Fuel Storage 

A part of the reactor fuel needs to be replaced once a year, normally 1/5 of the core is changed to fresh 

fuel [13]. Spent nuclear fuel contains many radioactive substances, which emit both radiation and heat. 

The spent nuclear fuel is therefore stored in water-filled pools at the nuclear power plant for at least 

nine months. During this time, the radioactivity is declined by about 90% and the fuel can then be 

transported to CLAB (Central interim storage facility for spent nuclear fuel) [14]. During a revision 

the reactor is empty and all the fuel assemblies are placed in the pool storage, this is the most critical 

moment for the pool storage. 

A safety requirement of pool storages is that sub criticality always must be maintained [2]. 

Furthermore removing spent fuel decay heat and providing radiation protection are important features 

for pool storages [15]. 

2.2 Nuclear Uncertainty Propagation 

Insurance of sub-criticality is essential to ensure criticality safety whenever fissionable material is 

transported, handled or stored. One of the most important objectives for the nuclear power industry is 

to avoid criticality accidents. The analysis of system criticality (calculation of keff) is executed by 

different computer codes, such as MCNP and SERPENT [2]. The value of keff or other calculated 

reactor parameters have uncertainties that are due to uncertainties in nuclear data. Methods to 
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propagate these uncertainties from basic nuclear data to cross sections to reactor parameters are 

important in order to know how they affect calculated reactor parameters. Today, the two most 

important methods to propagate uncertainties from nuclear data to reactor parameters [16] are 

perturbation and Monte Carlo which are described in sections 2.2.1 and 2.2.2. 

One difference between the two methods is that the perturbation approach only can vary information 

included in the covariance files, which only consider cross sections and resonance parameters 

covariances. Much more information can be varied in the TMC approach and TMC can therefore 

obtain a larger nuclear data uncertainty [16]. The perturbation method also relies on more 

assumptions, such as linearity.  

2.2.1 Perturbation Approach 

Perturbation is the most common method to propagate uncertainties; it is based on perturbation theory 

and uses covariance files, covariance processing and the perturbation card of MCNP.  

Input for the perturbation approach is a MCNP geometry input file and an ENDF file containing 

covariances. The ENDF file is processed with NJOY (see section 2.3.1) to produce processed cross 

sections in a compatible format for MCNP and processed covariance’s used by the SUSD code (tool 

for sensitivity - uncertainty analysis). The perturbation method is not used in this work; more 

information about this approach can be found in Ref. [16, 17]. 

2.2.2 Total Monte Carlo Approach 

The relative new method for uncertainty propagation using a Monte Carlo calculation is called “Total 

Monte Carlo” (TMC) and has been developed by the Nuclear Research and Consultancy Group 

(NRG).  

The main aim for this approach is to simulate consequences of uncertainties in microscopic nuclear 

physic parameters in nuclear design into one simulation scheme. This enables simulations that 

propagate nuclear data uncertainties from basic nuclear physics to reactor parameters. The TMC 

approach is based on a software package (the TALYS evaluation system) which is described in section 

2.3, 2.4 and appendix A. The TALYS evaluation system randomizes nuclear model parameters and 

checks if the results are within the allowed uncertainty interval for experimental data. With this 

procedure it is possible to obtain uncertainties for these parameters. The parameter values and their 

uncertainties are used to generate random nuclear data libraries. In order to propagate the nuclear data 

uncertainties, the TMC approach relies on a large number of calculations. All calculations are 
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identical, except from that different random nuclear data libraries are used for each calculation. These 

calculations result in a probability distribution for keff from which the propagated nuclear data 

uncertainty can be extracted [4]. Information about how to calculate the nuclear data uncertainty is 

presented in section 2.4 and 2.5. 

2.3 Simulation Tools for the TMC Method 

The evaluation and production of nuclear data files with the TMC method relies on codes and 

programs that are automatically linked together. The flowchart in figure 1 presents an overview how 

these programs and codes are interconnected. The different codes and programs work together to 

create an output that is either one ENDF formatted file including covariances or a large number of 

random ENDF files. The TASMAN code is the central evaluation tool for this calculation scheme, 

other associated programs in the system such as TARES and TANES are used to complete missing 

information and randomize input files. The formatting code TEFAL produces the ENDF files in the 

end of the calculation process [18]. 

 

Figure 1: Flowchart of the TALYS evaluation system [18].  

The different codes and programs are described in appendix A. 
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The outputs in form of ENDF files are ACE (Age Calculation Engine) formatted with the NJOY code 

to produce nuclear data libraries that are compatible with the Monte Carlo code MCNP. The ENDF 

files are used in MCNP to calculate different important reactor values, for example keff [17]. 

More information about the codes and programs in the TALYS code evaluation system are presented 

in appendix A and a more detailed description of the TALYS code is presented in section 2.4.  

2.3.1 NJOY 

The NJOY Nuclear Data Processing System is a software system used for nuclear data management. It 

is used to read evaluated nuclear data information stored in Evaluated Nuclear Data Files (ENDF) and 

convert them into ACE format that are applicable for different applications such as MCNP [19].  

2.3.2 MCNP 

The Monte Carlo N-Particle (MCNP) code is an international recognized code for analyzing the 

transport of different particles at varying energies. MCNP can be used to calculate keff and many other 

reactor parameters of interest. Simulations with MCNP require, among other things, an input file 

which defines the geometry, what isotopes the materials consist of and which nuclear data libraries to 

use [20].  

ZAID 

One simulation in MCNP uses one nuclear data library for every isotope specified in the MCNP input 

file. The selection of libraries is done through a unique identifier for each library, called ZAID. These 

identifiers consist of the atomic number (Z), mass number (A) and library specifier ID [21]. In a 

MCNP input file the following: 

92238.69c 

represents the nucleus 
238

U and ”69c” represents the library ENDF/B-VI.9. 

MCNP determines where to find nuclear data libraries for each ZAID specified in the input file. This 

information is stored in the XSDIR data directory file which is divided into three sections. The third 

section is a list of available nuclear data libraries, where each line starts with a ZAID for each library. 

The XSDIR file tells MCNP all the information needed to find different nuclear data libraries [22]. 
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KCODE 

Criticality calculations are executed by the KCODE card in MCNP which specify the criticality source 

that is used to determine keff. The KCODE is represented by the following code in the input file: 

kcode nrsck rkk ikz kct 

where nrsck is number of source histories (neutrons) per cycle, rkk is the initial guess of keff, ikz is the 

number of cycles to be skipped (to ensure convergence before averaging calculations) and kct is 

number of cycles to be done. 

One example of a KCODE is: 

KCODE 10000 1.0 100 500 

This KCODE means that MCNP will sample and track 10 000 starting neutrons for each cycle (or 

each generation of neutrons) and the initial guess for keff is 1.0. The first 100 cycles will be skipped so 

that the fission sites can reach equilibrium. From the 101:th cycle, MCNP will start to average the 

calculated keff from each cycle. When all 500 cycles are complete, a final result of keff is obtained [22].  

Convergence 

A problem that can arise from criticality calculations in MCNP is that convergence has not been 

reached, before MCNP starts to average the keff from each cycle. Convergence in MCNP is when the 

source neutrons have settled across the geometry. This will yield random locations for the source 

neutrons in each generation to ensure good statistics. Convergence in MCNP is examined by the user 

and is done by checking convergence both for keff and the fissions source distribution (using Shannon 

entropy). The convergence for keff is tested by plotting the number of cycles against the values of keff 

from each cycle. This enables a visual control if the keff has converged or not. The Shannon entropy is 

a quantity of the fission source distribution that MCNP calculates. As the source distribution 

approaches convergence, the Shannon entropy converges to a steady state value, which indicates 

convergence. If either of these tests shows non convergence, the results from the calculations will be 

biased. By increasing the number of skipped cycles or increasing the number of source neutrons, 

convergence can be reached [21].  
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Estimated Statistical Uncertainty 

Monte Carlo results represent an average of the contributions from many histories sampled during a 

simulation. An important quantity estimated by MCNP is the statistical uncertainty associated with the 

result, which is defined as one estimated standard deviation. This uncertainty can be used to form 

confidence intervals about the estimated mean value and hence form a statement about what the true 

result is. The Central Limit Theorem states that the estimated values over many samples are 

approximately normally distributed and for a normal distribution there is a 68 % probability that the 

true result will be in the interval of one standard deviation. If the interval is two standard deviations, 

there is 95 % probability that the true value is within this range. It is important to remember that 

MCNP does not always estimate this statistical uncertainty correctly. Furthermore these confidence 

statements only refer to the precision of the Monte Carlo calculation itself and not to the accuracy of 

the results of the true physical value [21]. 

Criticality Source 

For criticality calculations, MCNP requires a KCODE card (described above) and a source definition 

card for defining starting particles.  Two of four available methods to determine a neutron source in 

the input file are the KSRC card and the SDEF card. Using the KSRC card enable the user to define 

neutron sources with x,y,z locations. The SDEF card is used to define source points uniformly in a 

volume with different source parameters [21]. 

Random Numbers and Seed 

MCNP uses pseudo random numbers with the DBCN card to change the seed for the simulation. 

These random numbers are used to simulate the physical behavior of particles during the transport 

process. The DBCN card is used to determine the seed which defines the random number sequence. If 

the same seed (the same random number sequence) is used for two identical MCNP criticality 

calculations, they will result in the same value of keff. This is because the particles (neutrons) in 

simulations with the same seed will behave exactly the same and therefore obtain identical result for 

keff. If calculations are performed with different seeds, the results will be statistically independent [21, 

22].  
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2.4 TMC: Practical Steps 

The TMC method is basically based on three steps. These steps are described in sections 3.2.1 – 3.2.3. 

The method is also described in figure 2.  

2.4.1 Modeling 

In the first step random values for different nuclear model parameters are sampled from a certain 

uncertainty range. All model parameters, such as nucleus radius, density, average radiation, and 

average fission width, have a specific uncertainty range due to theoretical considerations and 

comparisons of nuclear model results and experimental reaction data. There are totally about 20 – 30 

parameters that are randomized and they cover nuclear reactions up to 20 MeV with Gaussian 

probability distributions [5]. More information about the model parameters and the nuclear models can 

be found in “Modern Nuclear Data Evaluation with the TALYS Code System” (Koning 2012), see 

Ref. [1].  

 

Figure 2: Flowchart of the TMC method. Random model parameters are sampled and used  

in TALYS to produce random nuclear data libraries. The accepted libraries are then processed with  

NJOY in order to be compatible for calculations in MCNP. MCNP is subsequently run multiple times 

with different random libraries where the keff is calculated for each run. This result in a probability 

distribution for keff, where the standard deviation represent a spread due to statistical and nuclear data 

uncertainties. 
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The resonance parameters and their uncertainties are available from different experimental derived 

uncertainty ranges, obtained for example from the EXFOR database.  The TARES code extracts 

resonance parameters from the latest measurements and therefore covers nuclear data over the entire 

energy range [1]. The resonance parameters are sampled in a similar way as the model parameters [5]. 

 

A set of randomized model parameters is used to calculate all the nuclear quantities by the TALYS 

code. This procedure is repeated a large number of times with different sets of randomized parameter 

values. Each run in TALYS produces a complete random nuclear data library containing all cross 

sections, angular distributions, particle emissions spectra etc. This result in a large set of random 

ENDF formatted data libraries for the resolved, unresolved resonance range and the fast neutron range 

which are mutually different for all reaction channels and energies [5]. 

 

To introduce a correlation between the model parameters, a method that rejects or accepts different 

runs in TALYS is used. One run in TALYS is only accepted if the predicted results fall within the 

uncertainty ranges from experimental data from the EXFOR database which contains extensive 

compilation of experimental nuclear reaction data. This method ensures that only certain model 

parameter combinations are accepted and will hence be determined by experimental data [5]. 

2.4.2 Processing of Nuclear Data 

The ENDF formatted nuclear data libraries from the TMC method are processed with NJOY to be 

ACE formatted in order to be used in a transport code such as MCNP [5]. 

2.4.3 Reactor Calculations 

The TALYS produced random libraries are used in MCNP to calculate the quantities of interest. For 

each random library, a relevant reactor value is calculated, for example the keff. Calculations in MCNP 

are repeated for all random libraries and result in a distribution of keff where the spread is due to 

statistical uncertainties and uncertainties for nuclear data [5]. 
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2.4.4 Sensitivity Feedback 

Since the input and output are available for the TMC method, it is possible to determine the sensitivity 

of the end result from the nuclear model parameters. This enables the identification of those model 

parameters that have the highest sensitivity and hence are most urgent to determine better. If these 

model parameters are improved, the uncertainty in keff can be decreased [5]. 

2.5 Uncertainty Propagation with TMC 

As mention before, uncertainty propagation with the TMC approach relies on the TALYS evaluation 

system (see sections 2.2.2, 2.3, 2.4 and appendix A).  TALYS produces hundreds of random libraries 

in the ENDF format for different isotopes. These ENDF files are processed with NJOY (see section 

2.3.1) to be ACE formatted in order to be compatible for MCNP simulations. For each random library 

file a MCNP simulation is executed with a calculation of keff. After N simulations in MCNP, N values 

of keff and their statistical uncertainties are obtained. The values of keff and statistical uncertainties are 

used to form two distributions, see figure 3. 

The total standard deviation (σtot) of the distribution of keff is calculated with:  

    
   

 

   
∑(    ( )      ̅̅ ̅̅ ̅̅  )                                                            ( )

 

   

 

where N is the number of libraries used in the MCNP simulation and     ̅̅ ̅̅ ̅̅   (see Eq. 5) is the mean 

value of keff [23]. 

The total standard deviation for keff represents two different effects: 

    
         

        
                                                                          ( ) 

where σstat is the standard deviation of the statistical uncertainty (also called statistical uncertainty in 

this work) and σND is the standard deviation of the nuclear data uncertainty (also called nuclear data 

uncertainty in this work). 



14 

 

The first origin (σstat) in Eq. 2 represents the standard deviation of the statistical uncertainty derived 

from the number of neutron histories used in the MCNP simulation [18]. It varies as 1/√ , where m is 

the total considered histories (m = active cycles ∙ neutrons/cycle) which is defined by the KCODE (see 

section 2.3.2) [21]. The value of 1√  can be decreased by investing more computer time [17]. The 

mean of all statistical uncertainties derived from all MCNP calculations is calculated with: 

     ̅̅ ̅̅ ̅̅   
 

 
∑                                                                               ( )

 

   

 

The second one (σND) originates from the use of different random nuclear data libraries for all 

simulations. It induces a spread in the distribution of keff, which can be assigned to the spread of 

nuclear data [23]. 

Since both σtot and σstat can be obtained by applying the TMC method, the standard deviation of the 

nuclear data uncertainty can be obtained with: 

       √    
        

                                                                           (4) 

The best estimation of keff for a simulation with all random libraries is the mean value of keff from all 

calculations and is: 

    ̅̅ ̅̅ ̅̅   
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The standard deviation of the nuclear data uncertainty also has an uncertainty (    ) and was 

calculated with the methodology described in Ref. [24]. 
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Figure 3: The TMC method relies on many calculations of keff with random nuclear data libraries. For 

every calculation of keff, a statistical uncertainty is derived from MCNP. From this, two distributions 

are obtained; one for keff and one for the statistical uncertainty. 

 

2.5.1 Original TMC 

The first developed TMC method, called original TMC, is executed with different random nuclear 

data libraries using the same seed (see section 2.3.2) for all calculations. For original TMC the 

statistical uncertainty derived from MCNP needs to be small compared to the nuclear data uncertainty 

(Eq. 6) in order to obtain a good estimation of the nuclear data uncertainty. If the statistical uncertainty 

is too large compared to the nuclear data uncertainty, the nuclear data uncertainty will be known with 

a poor precision.  

                                                                                                                      ( ) 

A small statistical uncertainty is achieved by using enough neutrons per cycle, which increases the 

computational time for each calculation contributing to a long calculation time in total for original 

TMC. The long calculation time is often considered as the main drawback of the TMC method [23]. 
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2.5.2 Fast TMC 

A new and faster TMC method has been developed in order to reduce the computation time, called the 

fast TMC method. Fast TMC is executed with different random nuclear data libraries using different 

random seeds for each calculation. If the seed is not changed for each calculation, fast TMC is 

equivalent to original TMC.  

Fast TMC is performed with fewer neutrons per cycle compared to original TMC which reduces the 

computational time. If the seed in not varied for each calculation, using a smaller number of neutrons 

per cycle, the statistical uncertainties derived from MCNP are correlated and therefore the mean value 

of the statistical uncertainty from Eq. 3 will be poorly known. However if the seed is randomly 

changed for each calculation, the knowledge of the statistical uncertainty is improved enough to 

provide a reliable nuclear data uncertainty with Eq. 4. This enables a reduction of individual statistics 

for each calculation, in other words a smaller number of neutrons per cycle can be used which 

decreases the calculation time for MCNP [23]. Fast TMC is possible because the use of random seeds 

and that the statistical uncertainty is calculated many times which provides a good estimation of the 

statistical uncertainty.  

As mentioned, MCNP does not always estimate the statistical uncertainty correctly; this can be tested 

by performing a simulation with hundreds of calculations with fixed nuclear data libraries and random 

seed for each calculation. If estimations of the statistical uncertainties from MCNP are accurate, the 

following should be valid: (see also figure 3) 

             ̅̅ ̅̅ ̅̅ ̅                                                                               ( ) 

where      is the total standard deviation of the distribution of keff and       is the mean value for the 

standard deviation of the statistical uncertainty derived from MCNP. 

The main advantage of fast TMC is the reduced calculation time compared to original TMC. 

According to Ref. [23], original TMC and fast TMC have equivalent results for criticality benchmarks. 
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2.6 Selecting of Benchmarks 

In order to validate the quality of the random libraries, criticality benchmarks can be used. The 

benchmarks used for this purpose are selected by a correlation test, which is explained in section 2.6.1.  

2.6.1 Correlation Test 

The correlation coefficient (R) is a measure of the linear dependence between two random variables 

and can take values that occurs in the interval [-1;1]. The extreme values of this interval represent a 

perfect linear relation between the variables and zero implies the absence of a linear relation [26]. The 

correlation coefficient is calculated with  

   
∑ (    ̅)(    ̅)
 
   

√∑ (    ̅)
 ∑ (    ̅)

  
   

 
   

   
   (   )

     
                                                       ( )                                                                

where (xi -  ̅) is each x-value minus the mean of x and (yi -  ̅) is each y-value minus the mean of y 

[26]. 

The correlation for keff obtained from simulations for a nuclear system and a benchmark can be shown 

in a scatter plot, where the keff obtained for the nuclear system is plotted against keff obtained from a 

benchmark, see figure 4. If a strong correlation exists between the nuclear system and the benchmark, 

the benchmark can be interpreted as a good representation of the nuclear system [25]. 

According to Eq.4, the nuclear data uncertainty is reduced when the standard deviation for keff is 

decreased. With the assumption that better libraries are within an interval around keff = 1.000 for the 

benchmark, the standard deviation can be reduced by selecting these libraries. This will reduce the 

spread of keff and hence the nuclear data uncertainty.  The procedure to decide what interval to use is 

not yet an established method, but an approach for the selections of benchmarks has been presented in 

Ref. [25]. 
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Figure 4: Scatterplot between keff values for a benchmark and a nuclear system.  

The keff values for a nuclear system is plotted against keff values from a benchmark. 

 

3. Simulations 

This chapter includes a description of the geometry created in MCNP which is used in all simulations 

described in this section, except for the benchmarks. Further are input data and descriptions about how 

the simulations were executed given. 

3.1 Description of Geometry 

A geometry of the wet pool storage of Ringhals 3 was created in MCNP for the simulations. There are 

two storage pools for each reactor and this geometry represents a fuel assembly in pool 1. The pool 

contains many fuel assemblies with different reactivities, where the fresh assemblies are the most 

reactive ones. Consequently, the MCNP simulations were performed with only fresh fuel assemblies 

in the pool. The created MCNP input files are found in appendix D and E. 

The MCNP geometry represents an AREVA HTP 17x17-24-1 fuel assembly with 264 fuel rods, 24 

guide thimbles and one instrumentation tube. The characteristics for the fuel assembly are listed in 

appendix B and are taken from Ref. [27]. The fuel assemblies are placed in storage racks of the 
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storage pool, which are made of neutron absorbing stainless steel surrounded with 6.2 cm water, see 

figure 5. In order to represent a pool with infinite number of fuel bundles, reflecting boundaries were 

used in all directions.  

Because of the assumption that the position of the fuel assembly is not entirely certain, it is placed in 

that configuration which obtains the highest keff. Hence the fuel assembly is not centered in the steel 

box in figure 5.  

 

 

Figure 5: The geometry of the fuel assembly defined in the MCNP input files, yellow represents 

water, red is stainless steel and blue is UO2.The circles which contain water instead of UO2 represents 

guide thimbles and one instrumentation tube.   

3.2 Fuel Storage: Normal Case 

The geometry described in section 3.1 was used in order to simulate fuel storage during normal 

conditions. In reality, the cooling water contains boron in the fuel storage, but for the Normal Case in 

this work no boron was used in the water. This was because in reactivity analysis of fuel storages 

during normal conditions the standard at VNF is to simulate without the content of boron. Therefore 
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represents the Normal Case a situation where a dilution of the cooling water has occurred (the content 

of boron has decreased). This can occur when water with no boron content has been added to the fuel 

storage. As another conservative assumption, the pool was assumed to be filled with fresh fuel with 

the enrichment 4.65 wt. % 
235

U. Input data for the Normal Case is listed in table 1 and the MCNP 

input file for the Normal Case can be found in appendix D. 

 

Table 1: Data for Normal Case simulation [27]. 

Number of rods 264 

Distance between clusters [cm] 14.06 

Enrichment [wt % 
235

U] 4.65 

Temperature [C] 20 

Pitch [cm] 1.26 

Bor in moderator [ppm] 0 

Water density [g/cm
3
] 0.9981 

* SS-plates = Stainless steel plates 

 

 

 3.3 Fuel Storage: Worst Case 

A worst case scenario for the fuel storage was simulated with the geometry described in section 3.1. 

The scenario represents an accident where the coolant water becomes steam which contains boron in 

order to prevent criticality (for the Worst Case, no dilution of the boron has occurred). This was 

simulated in MCNP by changing the density for water to 0.08 g/cm
3
, adding 2500 ppm boron to the 

water content and increasing the temperature to 120C. This scenario is very unlikely to occur and 

these conditions have been chosen because the highest value of keff has been obtained by VNF in their 

criticality simulations, under these conditions. In this work, these conditions have been used except 

from the temperature. The nuclear data libraries are created for different temperatures and therefore 

other libraries are needed for simulations at 120C. Random libraries for 
238

U at 120C where not 

available for this work and hence the simulations were executed at room temperature (20 C). The 

lower temperature is considered to have little impact for the calculations of keff.  
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The input file is identical to the simulation of the Normal Case, except from the water density, the 

content of boron and the enrichment for 
235

U. The enrichment is smaller for Worst Case compared to 

Normal Case in order to pass the safety requirements. The enrichment of 4.55 wt % 
235

U is the highest 

possible for the conditions in Worst Case. Data for the Worst Case is listed in table 2 and the input file 

for Worst Case can be found in Appendix E. 

 

Table 2: Data for Worst Case simulation [27]. 

 

Number of rods 264 

Distance between clusters [cm] 14.06 

Enrichment [wt % 
235

U] 4.55 

Temperature [C] 20 

Pitch [cm] 1.26 

Bor in moderator [ppm] 2500 

Water density [g/cm
3
] 0.08 

* SS-plates = Stainless steel plates 

 

 

3.4 Benchmarks 

The random libraries were evaluated by selecting representative benchmarks for wet pool storages. 

The agreement between the simulation and the benchmark gives an indication about the quality of the 

nuclear data libraries produced with the TALYS code in this specific situation. The validation of the 

random libraries is based on comparison with criticality experiments from “The International 

Handbook of Evaluated Criticality Safety Benchmark Experiments”.  
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The selected benchmarks for evaluation were: 

 LEU-COMP-THERM-009 

 LEU-COMP-THERM-016 

These benchmarks represent fuel storages and have been used previously for validation of MCNP5 at 

VNF and are considered to be acceptable as benchmark experiment.  

Benchmarks consist of different cases which contain small changes from one case to another. These 

changes can e.g. concern the geometry or the material. For this work case 1 and 2 were selected for 

benchmark LEU-COMP-THERM-009 and case 1 for benchmark LEU-COMP-THERM-016.  

The obtained experimental benchmark model keff,exp for all three benchmarks used in this work is 

keff,exp  = 1.000. The benchmark-model keff,exp has an uncertainty that is due to experimental 

uncertainties. These experimental uncertainties are for example uncertainties in lengths, average 

masses per rod and temperature. The experimental uncertainty for Benchmark-LEU-COMP-THERM-

009 is 210 pcm and therefore is the benchmark-model keff,exp = 1.0000 ± 0.0021. For Benchmark-LEU-

COMP-THERM-016 the benchmark-model gives keff,exp = 1.0000 ± 0.0031 (see Ref. [12]). The 

experimental keff with the experimental uncertainty is listed in table 3. 

The information from the benchmark experiments is converted into MCNP input files. Simulations 

with these input files have been executed in MCNP where the keff and the standard deviation of the 

statistical uncertainty have been calculated. These results have been obtained from the benchmark 

evaluations in the “The International Handbook of Evaluated Criticality Safety Benchmark 

Experiments” and are listed in table 3. Information regarding the benchmarks is listed in table 4 and 5. 

All information about the benchmarks can be found on “The International Handbook of Evaluated 

Criticality Safety Benchmark Experiments” DVD-ROM, see Ref. [12]. 
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Table 3: The experimental keff,exp for the benchmarks are listed in the second column and the 

MCNP calculated keff for the benchmarks are listed in the third column. [12]. 

 Experimental MCNP calculation 

Benchmark keff,exp  ± standard deviation 

Experimental 

keff  ± standard deviation 

LEU-COMP-THERM-009 Case 1 1.0000 ± 210 pcm 0.9963 ± 200 pcm 

LEU-COMP-THERM-009 Case 2 1.0000 ± 210 pcm 0.9976 ± 190 pcm 

LEU-COMP-THERM-016 Case 1 1.0000 ± 310 pcm 0.9982 ± 140 pcm 

 

Table 4: Input data for benchmark LEU-COMP-THERM-009 [12]. 

 Case 1 Case 2 

Number of rods in cluster 120 120 

Distance between clusters [cm] 8.58 9.65 

Enrichment [wt % 
235

U] 4.31 4.31 

Temperature [C] 24 24 

Pitch [cm] 2.54 2.54 

Absorbers [material] SS-plates SS-plates 

Bor in moderator [ppm] 0 0 

* SS-plates = Stainless steel plates 

  

Table 5: Input data for benchmark LEU-COMP-THERM-016 [12]. 

 

 Case 1 

Number of rods in cluster 320 

Distance between clusters [cm] 6.88 

Enrichment [wt % 
235

U] 2.35 

Temperature [C] 19.5 

Pitch [cm] 2.032 

Absorbers [material] SS-plates 

Bor in moderator [ppm] 0 

* SS-plates = Stainless steel plates 
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3.5 MCNPs Estimation of the Statistical Uncertainty 

MCNP need to estimate accurate statistical uncertainties when using fast TMC in order to obtain a 

correct value of the nuclear data uncertainty. This can be investigated by executing a simulation 

without randomizing the nuclear data but employing random seeds (see section 2.5.2). Then the mean 

value of MCNPs estimations of the statistical uncertainties should be almost equal to the obtained 

spread of keff (Eq. 7 should be valid). 

3.6 Simulation Procedure 

The simulations were executed with random library files from the TENDL-2011 library. The libraries 

were processed with NJOY99.336 and the simulations were executed in MCNPX 2.5.0. One 

simulation refers to n calculations of keff, where n represents number of random libraries. For this 

work, 670 random libraries for 
238

U were used, hence n = 670. 

For 
238

U there were totally 700 random libraries to simulate, but due to damaged library files, only 670 

of the available 700 libraries resulted in a calculation of keff.  In the input files the random libraries are 

assigned with the identifier “00c” (see section 2.3.2). 

The cladding material in the input file contained isotopes which were not available in the libraries for 

simulations on the data cluster at Uppsala University (see appendix F). These isotopes were therefore 

not used. However, these isotopes considered to have insignificant impact for the calculations of keff. 

All calculations were executed with different random seeds which were implemented in the MCNP 

input file. This was done by using the code “DBCN(8) rnumber” where “rnumber” changed to 

different random numbers for all calculations. The random numbers were selected from a file, 

containing a list with 700 numbers, which was created by a bash script. The file with random numbers 

was different for all simulations. It should be noted that simulations using original TMC also applied 

different random seeds, although it is not the normal procedure for original TMC, see section 2.5.1. 

Random seeds were used with original TMC in order to have statistical independent results. 

The neutron source for all simulations was defined with the SDEF card (see appendix D and E), 

except for the benchmarks which already had a defined neutron source in their MCNP input files. All 

simulations were also checked for convergence, which was true for all. This was performed by 

plotting keff for all cycles against number of cycles and observing that the keff had converged.  
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In order to automate the simulation process a bash script was created, see appendix C. The script 

executes 700 MCNP calculations, all with different odd random seeds and random libraries for 
238

U.  

Other isotopes used in the input file are simulated with the same libraries. The result was 670 

calculations of keff with statistical uncertainties, which are stored in a text file. Data stored in text files 

from all simulations were imported to MATLAB where calculations were performed with the 

equations mentioned in section 2.5. 

3.6.1 Fuel Storage: Normal Case  

Two simulations were executed with the input file for the Normal Case, where original TMC and fast 

TMC were used for both simulations respectively. The idea for using both original and fast TMC was 

to compare the calculations of the nuclear data uncertainty in order to validate if fast TMC obtained 

similar results. Both simulations used random seeds and the same libraries for all isotopes. Libraries 

used in the input file were 00c for 
238

U, 69c for 
235

U and 66c for the remaining isotopes. Different 

KCODES are used which affects the obtained statistical uncertainty derived from MCNP and the 

calculation time. Information about the simulations is listed in table 6. 

 

Table 6: Information about the simulations for Normal Case, using original and fast TMC. 

 

 Original TMC Fast TMC 

KCODE 20000 0.95 250 1000 1500 0.95 50 200 

Library for 
238

U / identifier TENDL / 00c TENDL / 00c 

Library for 
235

U / identifier ENDF/B / 69c ENDF/B / 69c 

Library for remaining isotopes / identifier ENDF/B / 66c ENDF/B / 66c 

 

3.6.2 Fuel Storage: Worst Case 

The input file for Normal Case was also used for Worst Case except for some changes. These changes 

concerned the enrichment of the fuel, the content of boron in the water and the water density. Random 

seeds were also used for the Worst Case and with the same libraries as for the Normal Case. The 

Worst case was only simulated using fast TMC. Table 7 contains information about KCODE and the 

used libraries for the simulation. 
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Table 7: Information about the Worst Case simulation using fast TMC. 

 Worst Case 

KCODE 1500 0.95 50 200 

Library for 
238

U / identifier TENDL / 00c 

Library for 
235

U / identifier ENDF/B / 69c 

Library for remaining isotopes / identifier ENDF/B / 66c 

 

3.6.3 Benchmarks 

The input files for the benchmarks are available on the “The International Handbook of Evaluated 

Criticality Safety Benchmark Experiments” DVD-ROM. Some changes where implemented in the 

input files in order to work with the script. The changes consisted of the implementation of ”DBCN(8) 

rnumber” to enable random seed in each calculation, changing the library for 
238

U from 50c to 00c and 

from 50c to 69c for 
235

U. The library change for 
235

U was made because 69c is a newer and considered 

as a better library than 50c. Remaining isotopes in the MCNP input file were not changed from 50c 

because the lack of newer libraries for some of them. This is considered to have low impact on the 

calculation of keff, because keff calculations are mainly effected by the nuclei 
235

U and 
238

U. The 

KCODE was changed from “KCODE 1500 1.0 50 160” to “KCODE 10000 1.0 100 500” for 

benchmark LEU-COMP-THERM-009 in order to obtain lower statistical uncertainty. For the used 

KCODE a statistical uncertainty about 40 pcm was obtained. A different KCODE was used for 

benchmark LEU-COMP-THERM-016, where more neutrons per cycle was used in order to obtain 

similar statistical uncertainty as for benchmark LEU-COMP-THERM-009. Fewer active cycles were 

also applied for benchmark LEU-COMP-THERM-016, this was done in order to reduce the simulation 

time. Information about KCODE and used libraries is listed in table 8.  
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Table 8: Information about the benchmark simulations. 

 LEU-COMP-THERM-009 LEU-COMP-THERM-016 

KCODE 10000 1.0 100 500 15000 1.0 100 300 

Library for 
238

U / identifier TENDL / 00c TENDL / 00c 

Library for 
235

U / identifier ENDF/B / 69c ENDF/B / 69c 

Library for remaining isotopes / 

identifier 

ENDF/B / 50c ENDF/B / 50c 

 

3.6.4 MCNPs Estimation of the Statistical Uncertainty 

Two simulations with constant nuclear data libraries (the library for 
238

U was not changed) and 

random seeds for each calculation (670 calculations) were performed in order to investigate if MCNP 

can estimate the statistical uncertainty correctly. Simulations with these conditions were performed for 

Normal case and Worst Case. Information about the simulations is listed in table 9. 

 

Table 9: Information about the simulations for Normal Case and Worst Case. 

 Normal Case & Worst Case 

KCODE 1500 0.95 50 200 

Library for 
238

U / identifier ENDF/B / 69c 

Library for 
235

U / identifier ENDF/B / 69c 

Library for remaining isotopes / 

identifier 

ENDF/B / 66c 
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4. Result 

This chapter contains results from all simulations. The y-label “Counts/ bin” in the histograms, refer to 

number of libraries per bin. A summary of the results from the simulations are listed in table 10 and 

11. 

 

Table 10: Results from the three simulations for the nuclear fuel storage. (SD = standard deviation). 

Calculated parameter 
 Normal Case, 

original TMC 

Normal Case,  

fast TMC 

Worst Case,  

fast TMC 

Mean value of keff      ̅̅ ̅̅ ̅̅ ̅ 0.93201 0.93196 0.99231 

Total SD of keff [pcm]      210 290 691 

The mean value of statistical uncertainty 

[pcm] 
     ̅̅ ̅̅ ̅̅  19 201 160 

Estimated SD due to the nuclear data 

uncertainty [pcm] 
    209 209 672 

Uncertainty for nuclear data uncertainty 

[pcm] 
     6 10 19 

 

Table 11: Results from the benchmark simulations. 

Calculated parameter 

 LEU-COMP-

THERM-009, 

Case 1 

LEU-COMP-

THERM-009, 

Case 2 

LEU-COMP-

THERM-016, 

Case 1 

Mean value of keff      ̅̅ ̅̅ ̅̅ ̅ 0.99879 0.99870 0.99902 

Total standard deviation 

of keff [pcm] 
     167 167 200 

Mean value of statistical 

uncertainty [pcm] 
     ̅̅ ̅̅ ̅̅  37 37 38 
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4.1 Fuel Storage: Normal Case 

For the Normal Case, two simulations were performed, one simulation using original TMC and one 

using fast TMC. Both simulations resulted in 670 calculations of keff . The probably distributions of 

keff and the statistical uncertainty for both simulations are presented in figure 6 and 7 and the 

calculated parameters are listed in table 10. The time to complete the simulation with original TMC 

was about 18 days when 25 processors were used. For fast TMC, the time to complete was about 16 

hours when 5 processers were used. At the time for the simulations, processors where also used by 

other users.  

The total standard deviation of keff is higher for fast TMC compared to original TMC, around 80 pcm. 

The mean value of the statistical uncertainty increased with a factor ten for fast TMC compared to 

original TMC and the obtained mean value of keff and nuclear data uncertainty for original and fast 

TMC were similar (see table 10). 

 

 

 

Figure 6: Left: Distribution of keff for Normal Case, the total standard deviation was calculated to 210 

pcm and the mean value of keff was 0.93201. Right: Distribution of statistical uncertainty for Normal 

Case. The mean value of the statistical uncertainty was calculated to 20 pcm. 
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Figure 7: Left: Distribution of keff for Normal Case using fast TMC. The mean value was obtained to 

0.93196 and the total standard deviation to 290 pcm. Right: Distribution of statistical uncertainty for 

Normal Case using fast TMC, the mean value was calculated to 201 pcm. 

 

4.2 Fuel Storage: Worst Case 

The Worst Case input file representing a scenario with optimal moderation using fast TMC resulted in 

the distributions for keff and the statistical uncertainty in figure 8. The total standard deviation (691 

pcm) is more than three times higher than for the Normal Case simulations. This leads to that the 

calculated standard deviation of the nuclear data uncertainty become high (see Eq. 4). Calculated 

parameters from the simulation are listed in table 10.  
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Figure 8: Left: Distribution of keff for the Worst Case simulation using fast TMC. The mean value of 

keff was calculated to 0.99231 and the total standard deviation was 691 pcm.. Right: Distribution of the 

statistical uncertainty for Worst Case using fast TMC with a calculated mean value of 160 pcm.  

 

4.3 Benchmarks 

The distribution of keff and the statistical uncertainty for benchmark LEU-COMP-THERM-009 case 1 

and case 2 are presented in figure 9 respectively figure 10. The distributions for benchmark LEU-

COMP-THERM-016 case 1 are presented in figure 11.   

Calculated parameters for benchmark LEU-COMP-THERM-009 case 1 and 2 (see table 10) are 

similar, which is not surprising because they are almost identical experiments (see table 4). Case 1 for 

benchmark LEU-COMP-THERM-016 obtained slightly higher calculated parameters, compared to 

benchmark LEU-COMP-THERM-009. 
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Figure 9: Left: Distribution of keff for benchmark LEU-COMP-THERM-009 Case 1, the mean value 

of keff was 0.99879 and the total standard deviation was obtained to167 pcm. Right: Distribution of 

statistical uncertainty for benchmark LEU-COMP-THERM-009 Case 1. The mean value of the 

statistical uncertainty was obtained to 37 pcm. 

 

 

Figure 10: Left: Distribution of keff for benchmark LEU-COMP-THERM-009 Case 2. The mean value 

of keff was calculated to 0.99870 and the total standard deviation to 167 pcm. Right: Distribution of 

statistical uncertainty for benchmark LEU-COMP-THERM-009 Case 2. The mean value of the 

uncertainty was calculated to 37 pcm.  
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Figure 11: Left: Distribution of keff for benchmark LEU-COMP-THERM-016 Case 1. The mean value 

of keff was calculated to 0.99902 and the total standard deviation to 200 pcm. Right: Distribution of 

statistical uncertainty for benchmark LEU-COMP-THERM-016 Case 1. The mean value of the 

uncertainty was obtained to 38 pcm. 

 

4.4 Correlation 

A strong correlation was obtained between the benchmark LEU-COMP-THERM-009 and the Normal 

Case using original TMC, see figure 12. The correlation for LEU-COMP-THERM-016 Case 1 and 

Normal Case with original TMC was also strong, see figure 13.  

The correlation coefficient for benchmarks and simulations using fast TMC was obtained to be lower 

than for simulation performed with original TMC, see figures 14 – 17. 
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Figure 12: Left: Correlation between benchmark LEU-COMP-THERM-009 Case 1 and Normal Case. 

The correlation coefficient was calculated to 0.96. Right: Correlation between benchmark LEU-

COMP THERM-009 Case 2 and Normal Case. The correlation coefficient was calculated to 0.96.  

 

 

 

Figure 13: Correlation between benchmark LEU-COMP-THERM-016 Case 1 and Normal Case. The 

correlation coefficient was calculated to 0.95.  
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Figure 14: Left: The correlation coefficient between benchmark LEU-COMP-THERM-009 Case 1 

and Normal Case for fast TMC was calculated to 0.59.  Right: The correlation coefficient between 

benchmark LEU-COMP-THERM-009 Case 2 and Normal Case for fast TMC was calculated to 0.57. 

 

 

Figure 15: The correlation coefficient between benchmark LEU-COMP-THERM-016 Case 1 and 

Normal Case for fast TMC was calculated to 0.57. 
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Figure 16: Left: The correlation coefficient between benchmark LEU-COMP-THERM-009 Case 1 

and Worst Case for fast TMC was calculated to 0.63. Right: The correlation coefficient between 

benchmark LEU-COMP-THERM-009 Case 2 and Worst Case for fast TMC was calculated to 0.64. 

 

 

Figure 17: The correlation coefficient between benchmark LEU-COMP-THERM-016 Case 1 and 

Worst Case for fast TMC was calculated to 0.65. 
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4.5 Nuclear Data Uncertainty 

By selecting libraries within different intervals around keff = 1.00 and calculating the nuclear data 

uncertainty for these libraries with Eq. 4, it can be shown that the spread for keff decrease as the 

interval of selected libraries decreases (see figures 18 - 23).  

 

Figure 18: Left: Nuclear data uncertainty for Normal Case with selected libraries 

from benchmark LEU-COMP-THERM-009 Case 1. Right: Nuclear data uncertainty for Normal Case 

with selected libraries from benchmark LEU-COMP-THERM-009 Case 2. 

 

 

Figure 19: Nuclear data uncertainty for Normal Case for with selected libraries  

from benchmark LEU-COMP-THERM-016 Case 1.  
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Figure 20: Left: Nuclear data uncertainty for Normal Case using fast TMC with selected libraries 

from benchmark LEU-COMP-THERM-009 Case 1. Right: Nuclear data uncertainty for Normal Case 

using fast TMC with selected libraries from benchmark LEU-COMP-THERM-009 Case 2. 

 

 

 

Figure 21: Nuclear data uncertainty for Normal Case using fast TMC with selected libraries from 

benchmark LEU-COMP-THERM-016 Case 1. 
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Figure 22: Left: Nuclear data uncertainty for Worst Case using fast TMC with selected libraries  

from benchmark LEU-COMP-THERM-009 Case 1. Right: Nuclear data uncertainty for Worst Case 

using fast TMC with selected libraries from benchmark LEU-COMP-THERM-009 Case 2. 

 

 

 

Figure 23: Nuclear data uncertainty for Worst Case using fast TMC with selected libraries  

from benchmark LEU-COMP-THERM-016 Case 1. 
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4.6 MCNPs Estimation of the Statistical Uncertainty 

Results from simulations with random seeds and with constant nuclear data libraries for each 

calculation of keff are listed in table 12. The obtained standard deviation of the statistical uncertainty 

was found to be almost equal to the total standard deviation for both simulations which indicate that 

MCNP has calculated the statistical uncertainty correctly. 

 

Table 12: Result from simulations with random seeds and  

constant nuclear data libraries. 

           ̅̅ ̅̅ ̅̅ ̅ 

Normal Case [pcm] 221 199 

Worst Case [pcm] 160 158 

 

5. Discussion and Outlook 

Nuclear data library is only randomized for one isotope in this work. Hence the propagated nuclear 

data uncertainty is only due to uncertainties in the nuclear model parameters for 
238

U. An interesting 

simulation would be to randomize nuclear data both for 
235

U and 
238

U, which both have a high impact 

on keff.  

A safety analysis has been accomplished by AREVA for the same fuel storage in this work. A 

comparison between the obtained nuclear data uncertainty for both independent analysis would have 

been interesting. But for reasons of secrecy, data from AREVA was not available for publication. 

The uncertainty for the nuclear data uncertainty (    ) was calculated in order to examine how 

accurate these calculated values were. The uncertainty for the nuclear data uncertainty obtained to be 

small (6-19 pcm) and has therefore little impact and does not need to be taken under consideration.  

The method to select the random libraries that are considered to produce accurate values of keff for the 

benchmark is not a fully established methodology.  The experimental and calculation uncertainties for 

the benchmarks are limiting how small the intervals can be for the selected libraries when reducing the 

nuclear data uncertainties. In this work, no selection of libraries was performed. However, it is shown 
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that there is valuable information to be used in the benchmark tests which can reduce the nuclear data 

uncertainty. Further work is required before a quantitative method can be presented.  

Criticality calculations with the same random libraries for hundreds of different criticality benchmarks 

might be an approach in order to select libraries. Then libraries which obtain acceptable calculations 

of keff for many benchmarks can be selected in order to reduce the nuclear data uncertainty for the 

considered nuclear system.  

The simulation for the Worst Case obtained a nuclear data uncertainty of 672 pcm. This relative high 

value is probably due to the reduced density which causes more void and harder neutron spectrum. For 

these neutron energies the nuclear data uncertainties are larger, which leads to increased nuclear data 

uncertainty for the calculated reactor parameter.  

The obtained keff for the Worst Case is considered too high and should be investigated more carefully. 

VNF has performed similar simulations where a lower value of keff has been calculated. But the aim 

for this work was to calculate the nuclear data uncertainty and therefore this high value of keff was 

never further investigated. 

The result for the calculated keff from The International Handbook of Evaluated Criticality Safety 

Benchmark Experiments for the benchmarks used in this work (see table 3) differed with 80 – 250 

pcm when they were compared with benchmarks results in this work. This difference can be assigned 

to the nuclear data uncertainties in 
238

U and that a newer library for 
235

U was used for the benchmark 

simulations in this work. But further investigation is needed to be sure. 

Small statistical uncertainties from MCNP simulations are required in order to gain good estimations 

of the nuclear data uncertainty. This resulted in a long simulation time, because of the required 

computer capacity. The benchmarks simulations also needed to have small statistical uncertainties in 

order to get a good estimate of the correlation coefficient and therefore a long calculation time was 

obtained for them as well. It would have been desirable to simulate more benchmarks to validate the 

random libraries against. Lack of time and a busy data cluster (where the simulations were executed) 

was the two main limitations in order to execute more simulations.  

In order to speed up simulations, the fast TMC was applied. Original TMC and fast TMC obtained 

similar results for the mean value of keff and for the nuclear data uncertainty. This indicated that fast 

TMC is a good option in order to reduce computer time. The mean value of keff for both simulations is 
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within their corresponding uncertainty ranges, which indicate that the two simulations have estimated 

the same value.  

MCNPs ability to estimate the statistical uncertainty was found to be accurate. The derived statistical 

uncertainty from MCNP and the obtained standard deviation for the distribution of keff were almost 

equal, both for Normal Case and Worst Case. 

The computer time was significantly reduced when fast TMC was applied for the Normal Case and 

did not affect the results of the nuclear data uncertainty. It should be noted that the simulations took 

less or more time depending on how loaded the data cluster was by other users when the simulations 

were performed. The simulation times can therefore be different for the same simulation depending on 

how much capacity that is available on the data cluster. But it is clear that fast TMC require less time 

and less computer capacity.  

One benefit of decreased computer time with fast TMC is that the TMC method now is possible even 

for those with limited computer capacity. Another advantage is that fast TMC allows simulations for 

more complicated geometries, such as a whole reactor core, without increasing the simulation time too 

much.   

It was observed that with increased statistical uncertainty for the simulations, the correlation 

coefficient decreased. This is due to an increased standard deviation for the system with increased 

statistical uncertainty. Therefore is it important to perform the correlation test with small statistical 

uncertainties. One approach is to use only the standard deviations for the nuclear data uncertainty 

when calculating the correlation coefficient (Eq. 8). Then the higher statistical uncertainties obtained 

by using fast TMC might not affect the calculation of the correlation coefficient.  

One complication arose when the same copies of random libraries were used for several simulations. 

The number of damaged libraries increased with the number of simulations and the reason for this is 

still unknown. The solution for the problem was to delete the used libraries and copy them again from 

another directory before a new simulation could start. 

Knowledge about the nuclear data uncertainties in keff is important in the design process of nuclear 

fuel storages. In already existing fuel storages the knowledge of nuclear data uncertainties can be 

useful in order to decide the highest allowed enrichment for the fuel.  By considering the nuclear data 
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uncertainties, more reliable uncertainties for reactor parameters can be calculated. This also leads to 

more accurate safety analysis for different nuclear systems. 

6. Conclusions 

The aim of this master thesis work was to demonstrate the effect of nuclear data uncertainties for 

calculations of keff. This was performed by using the TMC method to propagate nuclear data 

uncertainties from nuclear physics to the reactor parameter keff. 

The following conclusions were obtained for this work: 

 The standard deviations for the nuclear data uncertainties were obtained to 209 pcm for the 

Normal Case both using Normal and Fast TMC and 672 pcm for the Worst Case. 

 

 The computer time was significantly reduced with fast TMC compared to Normal TMC. 

 

 The results from the benchmark simulations obtained a small deviation from 1.0, which 

indicate that the used libraries in this work were of good quality. 
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Appendix A – The TALYS Evaluation System 

The TALYS evaluation system relies on codes and programs that are automatically linked together. 

These codes are described below.  

TASMAN code 

The computer code TASMAN is used for the production of covariance data using results from 

TALYS. The process of automatic optimization of TALYS results with respect to experimental data is 

also handled by TASMAN. In every run in TALYS; nuclear model parameters are randomly sampled 

from a distribution with a specific width as mentioned before. This provides all the statistical 

information needed to produce a full covariance matrix and TASMANS objective is to facilitate this 

process [18]. 

TANES program 

TANES is used to calculate fission neutron spectrum based on the Los Alamos model. The Los 

Alamos or the original Madland-Nix model for the calculation of prompt fission neutrons 

characteristics is implemented in a stand – alone module. This module combined with parameter 

uncertainties among others to reproduce and randomize the fission neutron spectrum. The output is the 

central and random values for the fission neutron spectra at different incident energies and their 

covariance’s [18]. 

TALYS code 

TALYS is a nuclear reaction code and simulates reactions that involves neutrons, gamma-rays etc. 

from thermal to 200 MeV energy range. One run in TALYS predicts cross-sections, angular 

distributions, energy spectra etc. for all open channels over the whole incident energy range. All 

information that is required in a nuclear data file (above the resonance range) is provided by TALYS 

[18]. 

TARES program 

This code uses a resonance parameter database such as the EXFOR database, resonance parameters 

from other libraries (ENDF/B-VII.0) or compilations to generate resonance information in ENDF-6 

format. Resonance parameters for major actinides are obtained from evaluated libraries, such as 

ENDF/B-VII.0 or JEFF-3.1. These values are seldom given with uncertainties and for these cases, 

uncertainties from compilations or measurements are assigned to the evaluated resonance parameters. 

For the unresolved resonance range, the solution is to adopt parameters from existing evaluations [18]. 
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TAFIS program 

Fission yields, prompt neutron emission from fission, kinetic energy of the fission products, kinetic 

energy of the prompt and delayed fissions neutrons are some of the fission quantities calculated by the 

TAFIS program. The output from TAFIS is a fission yield file with uncertainties, prompt neutron 

emissions files for central and random values, a list of central and random fission quantities and 

prompt neutron covariances [18]. 

TEFAL code 

The code is used for the translation of the nuclear reaction results from TALYS into ENDF-6 

formatted nuclear data libraries. The process is to first run TALYS and then process these results in 

combination with experimental data or data from existing libraries with TEFAL to obtain a ready to 

use nuclear data library without any human interference. The procedure is completely automated in 

order to minimize the ilityproba of human errors [18]. 

AutoTALYS 

To automate the whole process with all different codes and programs a script called AutoTALYS 

handle the communication between all software packages [18]. 
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Appendix B – Table of Characteristics for Fuel Assembly 

 

 

Classified data, the information is available at Vattenfall Nuclear Fuel AB. 
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Appendix C – Bash Script 

Script created by Erwin Alhassan and Louise Östangård. 

 

#!/bin/bash 

echo 

echo "Script to run MCNPX with TENDL ND libraries with different odd seeds" 

echo 

 

# Initiate date and starting time for simulation 

   TD=$(date +%m-%d-%Y) 

   TD2=$(date +"%r") 

   echo "Date and starting time: $TD, $TD2" 

   echo 

 

# Start the clock 

   START=$(date +%s) 

 

# Check if there is an outputfile results.out first and remove it if it 

exist 

   if [ -f results.out ] 

   then rm results.out 

   else 

   echo "There is no such file"  

   fi 

   echo 

 

# Check if there is an outputfile damaged.out first and remove it if it 

exist 

   if [ -f damaged.out ] 

   then rm damaged.out 

   else 

   echo "There is no such file"  

   fi 

 echo 
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# Check if there is an outputfile nrumber.out first and remove it if it 

exist 

   if [ -f time.out ] 

   then rm time.out 

   else 

   echo "There is no such file"  

   fi 

   echo 

# Get odd random numbers from the file number.txt 

   file=./number.txt 

 

# Loop to process and simulate all 700 random files 

   for i in {1..700} 

   do 

   echo 

 

# Unzip the ACE and xsdir files 

   gunzip -f ~/a/$i.gz ~/xsdir_files/xsdir.$i.gz 

 

# Update the xsdir files, insert a line 

   sed 's/  / /g' ~/xsdir_files/xsdir.$i > ~/xsdir_files/xsdir.$i.1 

    

# Change the name of the file 

   mv ~/xsdir_files/xsdir.$i.1 ~/xsdir_files/xsdir.$i 

   sed 's/  / /g' ~/xsdir_files/xsdir.$i > ~/xsdir_files/xsdir.$i.1 

   mv ~/xsdir_files/xsdir.$i.1 ~/xsdir_files/xsdir.$i 

   sed 's/  / /g' ~/xsdir_files/xsdir.$i > ~/xsdir_files/xsdir.$i.1 

   mv ~/xsdir_files/xsdir.$i.1 ~/xsdir_files/xsdir.$i 

    

# Create a variable "line" that is a string from xsdir.$i 

   line=`cat ~/xsdir_files/xsdir.$i` 

    

# Search for AAAA in xsdir.orig och replace it with "line" and save it as     

# xsdir 

   sed "s/AAAA/$line/g" xsdir.orig > xsdir 
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# Searh for route in xsdir and replace it with 0, save it as xsdir.1 and      

# rename it 

   sed 's/route/0/g' xsdir > xsdir.1 

   mv xsdir.1 xsdir 

   sed "s:filename:/home/ostangard/a/$i:g" xsdir > xsdir.1 

   mv xsdir.1 xsdir 

 

# Assign the variable random line number $i 

   random=`sed -n ${i}p $file` 

 

# Search for rnumber in input file and replace it with random, save it to a    

# new file 

   sed "s/rnumber/$random/g" CASE_2 > CASEsim 

     

    

# Run MCNPX with 10 nodes 

   nice -15 mpirun -np 10 mcnpx inp=CASEsim >& mcnpx.out 

 

# Extract the keff 

   keff=`grep "final k" mcnpx.out | gawk '{print $5}'` 

    

# Check if xsdir file is damaged. 

# If column for keff is empty save that number in damaged.out    

 

   if [ -z "$keff" ] 

   then  

   echo "File $i is damaged" >> damaged.out 

   else 

   Dkeff=`grep "final k" mcnpx.out | gawk '{print $9}'` 

   echo "Run $i keff= $keff +/- $Dkeff " >> results.out 

   echo "Run $i keff= $keff +/- $Dkeff " 

    

   fi 

    

# Remove temporary files from simulation 

   rm m4*  
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   rm CASEsim 

    

# Zip all ace and xsdir files    

   gzip -f ~/a/$i ~/xsdir_files/xsdir.$i 

 

done 

 

# Stop the clock 

   END=$(date +%s) 

   TIME=$(( $END - $START )) 

   echo "Time to finish: $TIME seconds" >> time.out 

   echo 
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Appendix D – MCNP Input File: Normal Case 

Ringhals 3 pool 1, normal case, 293K. MCNP input file by Louise Östangård. 

c Geometry of fuel bundle 

c 

c Cell cards 

1 100 -10.6  -20                   u=1         imp:n=1 TMP=2.5261e-08  

2 0           20 -21               u=1         imp:n=1 TMP=2.5261e-08 

3 200 -6.56   21 -22               u=1         imp:n=1 TMP=2.5261e-08  

4 300 -0.9981     22               u=1         imp:n=1 TMP=2.5261e-08  

5 300 -0.9981    -30               u=2         imp:n=1 TMP=2.5261e-08  

6 200 -6.56   30 -31               u=2         imp:n=1 TMP=2.5261e-08  

7 300 -0.9981     31               u=2         imp:n=1 TMP=2.5261e-08  

8 300 -0.9981    -70               u=4         imp:n=1 TMP=2.5261e-08  

9 0           50 -51 52 -53        u=3  lat=1  imp:n=1 TMP=2.5261e-08  

     fill= -8:10 -8:10 0:0  

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 1 1 1 2 1 1 2 1 1 2 1 1 1 1 1 4 4 

         1 1 1 2 1 1 1 1 1 1 1 1 1 2 1 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 2 1 1 2 1 1 2 1 1 2 1 1 2 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 2 1 1 2 1 1 2 1 1 2 1 1 2 1 1 4 4  

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4  

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 2 1 1 2 1 1 2 1 1 2 1 1 2 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 1 2 1 1 1 1 1 1 1 1 1 2 1 1 1 4 4  

         1 1 1 1 1 2 1 1 2 1 1 2 1 1 1 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

         4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

10 0           60 -61 62 -63 -94 95  fill=3            imp:n=1 TMP=2.5261e-

08  

11 400 -7.331  (-60 :61 :-62 :63) 80 -81 82 -83 -94 95 imp:n=1 TMP=2.5261e-

08  

12 300 -0.9981 (-80 :81 :-82 :83) 90 -91 92 -93 -94 95 imp:n=1 TMP=2.5261e-

08  

13 0           (-90 :91 :-92 :93 :94 :-95)             imp:n=0 TMP=2.5261e-

08 

  

c Surface cards 

20 CZ 0.40825                           $ Fuel rod, UO2 

21 CZ 0.4165                            $ Void 
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22 CZ 0.4775                            $ Cladding, Zr 

30 CZ 0.5650                            $ Guide tubes/instrument 

31 CZ 0.6120                            $ Cladding Zr guide/instrument 

50 PX -0.63                             $ Pin box 

51 PX 0.63 

52 PY -0.63 

53 PY 0.63 

60 PX -12.09                            $ Fuel bundle box 

61 PX 10.71 

62 PY -12.09 

63 PY 10.71 

70 CZ 400                               $ H2O in bundle box 

80 PX -12.49                            $ SSS claddding 

81 PX 11.11 

82 PY -12.49 

83 PY 11.11 

*90 PX -18.69 

*91 PX 17.31 

*92 PY -18.69 

*93 PY 17.31 

*94 PZ 0.5 

*95 PZ -0.5 

  

c Data cards 

c Fuel, UO2. 4.65% enrichment 

m100     008016.66c -0.1185 

         092235.69c -0.0410           092238.00c -0.8405404  

c Zr, cladding                 

m200     024050.66c 7.6336e-05        024052.66c 1.4704e-03  

         024053.66c 1.6671e-04        024054.66c 4.1414e-05  

         026054.66c 1.9900e-04        026056.66c 3.1470e-03  

         026057.66c 7.5484e-05        026058.66c 9.6070e-06  

c 050112.66c 1.0826e-04        050114.66c 7.2542e-05  

c 050115.66c 4.0177e-05        050116.66c 1.6406e-03  

c 050117.66c 8.5935e-04        050118.66c 2.7120e-03  

c 050119.66c 9.5979e-04        050120.66c 3.6160e-03  

c 050122.66c 5.1338e-04        050124.66c 6.2498e-04  

         040090.66c 5.0609e-01        040091.66c 1.1086e-01  

         040092.66c 1.6889e-01        040094.66c 1.7047e-01  

         040096.66c 2.7346e-02 

c Water 0% bor          

m300     001001.66c 1.9998e+00        001002.66c 2.0000e-04  

         008016.66c 1.0000e+0 

mt300 lwtr.01t 

c Stainless steel                     

m400     024050.66c 8.4815e-03        024052.66c 1.6337e-01  

         024053.66c 1.8523e-02        024054.66c 4.6014e-03  



56 

 

         026054.66c 4.1682e-02        026056.66c 6.5915e-01  

         026057.66c 1.5810e-02        026058.66c 2.0122e-03  

         028058.66c 5.8966e-02        028060.66c 2.2543e-02  

         028061.66c 9.7600e-04        028062.66c 3.1008e-03  

         028064.66c 7.8598e-04 

kcode 20000 0.95 250 1000 

SDEF  ERG = D1 x=d2 y=d3 z=d4 

SP1 -3                                 $ Watt fission spectrum 

SI2 -10 10 

SI3 -10 10 

SI4 -0.5 0.5 

SP2 0 1 

SP3 0 1 

SP4 0 1  

DBCN(8) rnumber                        $ Using different random numbers  

print 
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Appendix E - MCNP Input File: Worst Case 

Ringhals 3 pool 1, worst case 293K. MCNP input file by Louise Östangård. 

c Geometry of fuel bundle 

c 

c Cell cards 

1 100 -10.6  -20                   u=1         imp:n=1 TMP=2.5261e-08  

2 0           20 -21               u=1         imp:n=1 TMP=2.5261e-08 

3 200 -6.56   21 -22               u=1         imp:n=1 TMP=2.5261e-08  

4 300 -0.08     22                 u=1         imp:n=1 TMP=2.5261e-08  

5 300 -0.08    -30                 u=2         imp:n=1 TMP=2.5261e-08  

6 200 -6.56   30 -31               u=2         imp:n=1 TMP=2.5261e-08  

7 300 -0.08     31                 u=2         imp:n=1 TMP=2.5261e-08  

8 300 -0.08    -70                 u=4         imp:n=1 TMP=2.5261e-08  

9 0           50 -51 52 -53        u=3  lat=1  imp:n=1 TMP=2.5261e-08  

     fill= -8:10 -8:10 0:0  

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 1 1 1 2 1 1 2 1 1 2 1 1 1 1 1 4 4 

         1 1 1 2 1 1 1 1 1 1 1 1 1 2 1 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 2 1 1 2 1 1 2 1 1 2 1 1 2 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 2 1 1 2 1 1 2 1 1 2 1 1 2 1 1 4 4  

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4  

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 2 1 1 2 1 1 2 1 1 2 1 1 2 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 1 2 1 1 1 1 1 1 1 1 1 2 1 1 1 4 4  

         1 1 1 1 1 2 1 1 2 1 1 2 1 1 1 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 

         4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

         4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

10 0           60 -61 62 -63 -94 95  fill=3            imp:n=1 TMP=2.5261e-

08  

11 400 -7.331  (-60 :61 :-62 :63) 80 -81 82 -83 -94 95 imp:n=1 TMP=2.5261e-

08  

12 300 -0.08 (-80 :81 :-82 :83) 90 -91 92 -93 -94 95 imp:n=1 TMP=2.5261e-08  

13 0           (-90 :91 :-92 :93 :94 :-95)             imp:n=0 TMP=2.5261e-

08 

  

c Surface cards 

20 CZ 0.40825                           $ Fuel rod, UO2 

21 CZ 0.4165                            $ Void 

22 CZ 0.4775                            $ Cladding, Zr 
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30 CZ 0.5650                            $ Guide tubes/instrument 

31 CZ 0.6120                            $ Cladding Zr guide/instrument 

50 PX -0.63                             $ Pin box 

51 PX 0.63 

52 PY -0.63 

53 PY 0.63 

60 PX -12.09                            $ Fuel bundle box 

61 PX 10.71 

62 PY -12.09 

63 PY 10.71 

70 CZ 400                               $ H2O in bundle box 

80 PX -12.49                            $ SSS claddding 

81 PX 11.11 

82 PY -12.49 

83 PY 11.11 

*90 PX -18.69 

*91 PX 17.31 

*92 PY -18.69 

*93 PY 17.31 

*94 PZ 0.5 

*95 PZ -0.5 

  

c Data cards 

c Fuel, UO2. 4.55 % enrichment 

m100     008016.66c -0.118501912 

         092235.69c -0.040108163      092238.00c -0.841389925 

c Zr, cladding                 

m200     024050.66c 7.6336e-05        024052.66c 1.4704e-03  

         024053.66c 1.6671e-04        024054.66c 4.1414e-05  

         026054.66c 1.9900e-04        026056.66c 3.1470e-03  

         026057.66c 7.5484e-05        026058.66c 9.6070e-06  

c 050112.66c 1.0826e-04        050114.66c 7.2542e-05  

c 050115.66c 4.0177e-05        050116.66c 1.6406e-03  

c 050117.66c 8.5935e-04        050118.66c 2.7120e-03  

c 050119.66c 9.5979e-04        050120.66c 3.6160e-03  

c 050122.66c 5.1338e-04        050124.66c 6.2498e-04  

         040090.66c 5.0609e-01        040091.66c 1.1086e-01  

         040092.66c 1.6889e-01        040094.66c 1.7047e-01  

         040096.66c 2.7346e-02         

c Water, 2500 ppm bor 

m300     005010.66c -0.0004975       005011.66c -0.0020025 

         001001.66c -0.111618598         

         008016.66c -0.885881402 

mt300 lwtr.01t 

c Stainless steel                     

m400     024050.66c 8.4815e-03        024052.66c 1.6337e-01  

         024053.66c 1.8523e-02        024054.66c 4.6014e-03  
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         026054.66c 4.1682e-02        026056.66c 6.5915e-01  

         026057.66c 1.5810e-02        026058.66c 2.0122e-03  

         028058.66c 5.8966e-02        028060.66c 2.2543e-02  

         028061.66c 9.7600e-04        028062.66c 3.1008e-03  

         028064.66c 7.8598e-04 

kcode 1000 0.95 50 200 

SDEF  ERG = D1 x=d2 y=d3 z=d4 

SP1 -3                                 $ Watt fission spectrum 

SI2 -10 10 

SI3 -10 10 

SI4 -0.5 0.5 

SP2 0 1 

SP3 0 1 

SP4 0 1  

DBCN(8) rnumber                        $ Using different random numbers 

MCNPX 

c rand gen=1 seed=rnumber              $ Using different random numbers 

MCNP5 

print 
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Appendix F – Excluded Isotopes in Simulations 

 

 Table 13: Isotopes for tin which were not in the available libraries. 

112
Sn 

114
Sn 

115
Sn 

116
Sn 

117
Sn 

118
Sn 

119
Sn 

120
Sn 

122
Sn 

124
Sn 

 

 

 


